Introduction
One of the most straightforward parameters to derive from smallangle scattering data on macromolecular solutions is the molecular mass (MM) of the solute. Although small-angle X-ray scattering (SAXS) is less accurate than, e.g. mass spectroscopy, in determining the MM, the former method allows measurements in solution, closer to the native state. One of the most common applications of SAXS is the determination of the oligomeric state of the biomolecule (e.g. a protein or a macromolecular complex) or monitoring of aggregation or degradation processes, which can be readily done by assessing the MM value.
For a monodisperse protein solution, the characteristic parameter directly associated with MM is the intensity at zero angle I(0) which can be calculated easily using the Guinier approximation (Guinier, 1939) or an indirect transformation program (Glatter, 1977; Svergun, 1992 ). As it is not possible to measure the absolute intensity of the protein directly (Russell, 1983) , one has to resort to secondary standards. In SAXS, standard proteins with known molecular masses are often used such as lysozyme [e.g. Hammel et al. (2002) ], bovine serum albumin [e.g. Petoukhov et al. (2003) ] or glucose isomerase (Kozak, 2005) . Alternatively, scattering from secondary standards like Lupolen (Kratky, 1964) , or water (Orthaber et al., 2000) can be used to obtain the scattering from the solute on the absolute scale and then to calculate the MM.
For the calibration, knowledge about the solute concentration (c) and partial specific volume of the protein (" v v) is crucial. When using the standard proteins it is typically assumed that the " v v values of the standard and actually measured protein are identical. With this assumption, the ratio of the molecular masses of the two proteins is identical to the ratio of their I(0)s normalized against the concentrations. When using water, the " v v value explicitly enters the equation to compute the MM, and in fact, the latter value is rather sensitive to the changes in " v v (Feigin & Svergun, 1987) . In practice, inaccuracies of concentration and partial specific volume often become larger sources of errors in MM determination than the precision of calculating I(0) itself.
In the present paper, a systematic study is performed to assess the accuracy of MM determination in SAXS. Solutions of well characterized and commercially available proteins covering a wide range of MMs from 13.7 to 669 kDa were measured to determine the I(0) values. Possible sources of systematic errors are analyzed and repetitive measurements are employed to minimize the errors in the measured solute concentrations and in extrapolated I(0) values. Based on the results, an 'optimum' value of partial specific volume for globular proteins in solution is proposed.
Materials and methods

Protein preparation and concentration determination
Proteins ribonuclease A, chymotrypsinogen A, ovalbumin, aldolase, catalase and thyroglobulin were part of the LMW (low-molecular weight) and HMW (high-molecular weight) gel-filtration calibration kits from GE Healthcare (product codes 17-0442-01 and 17-0441-01, respectively). Carbonic anhydrase, alcohol dehydrogenase, -amylase and apoferritin were part of the kit for molecular weights 29000-700000 from Sigma (product code MWGF 1000). Lysozyme from chicken egg white was from Fluka (product code 62971), BSA Type H2 from Gerbu Biotechnik (product code 1064) and glucose isomerase from Hampton Research (product code HR7-100). All proteins except apoferritin and glucose isomerase were in powder form and were either dissolved in low-salt buffers or dialyzed overnight after dissolving. Apoferritin and glucose isomerase were dialyzed overnight into the appropriate buffers. The buffers used were 100 mM Tris 100 mM NaCl, pH 7.5 for all proteins except lysozyme (40 mM acetic acid 50 mM NaCl pH 4.0), BSA (50 mM HEPES pH 7.5) and glucose isomerase (100 mM Tris 1 mM MgCl 2 pH 8.0). The solute concentrations were determined by the absorption of the protein solutions at 280 nm using either an Eppendorf spectrophotometer (in 6 M guanidinium chloride buffer) or a Nanodrop ND-1000 spectrophotometer (in normal dialysis buffer).
Repetitive measurements of the absorption were performed to improve the accuracy; no significant differences were observed between the measurements of the native and the denatured states of the protein. The extinction coefficients of the proteins were calculated using the online tool ProtParam (Gasteiger et al., 2005) .
Partial specific volume determination
The protein solutions with concentrations 5 and 10 mg ml À1 and the appropriate buffers were prepared and measured on an Anton Paar DMA 5000 densitometer. " v v can be calculated using the formula
where d buff is the density of the buffer, d p is the density of the protein solution and c is the protein concentration. A freeware program, SEDNTERP (Philo et al., 1995 (Philo et al., -2006 was used to calculate the partial specific volumes based on the amino acid composition of the proteins. This program predicts " v v for 298 K but these values were adjusted to the actual temperature of the measurements (288 K), and the correction did not exceed 1%. The experimental values reported by different authors (Durchschlag, 1986; Perkins, 1986; Harpaz et al., 1994) were also used.
SAXS data collection and processing
Synchrotron X-ray scattering data from solutions of the aforementioned proteins were collected at the X33 beamline of the EMBL (DESY, Hamburg) (Koch & Bordas, 1983 ) using a MAR345 imageplate detector. The scattering patterns were measured with exposure times ranging 2-5 min at 288 K. The concentration of the solutes was about 2-5 mg ml À1 for proteins with MM > 50 kDa and about 5-12 mg ml À1 for proteins with MM < 50 kDa. The sample-to-detector distance was 2.7 m and the range of the modulus of the scattering vector covered was 0.09 < s < 5 nm À1 [s = 4 sin()/, where 2 is the scattering angle and = 0.15 nm is the X-ray wavelength]. The constant water scattering was determined by subtracting the scattering of the empty cuvette from that filled with distilled water at 293 K. The measurements of the proteins and of water scattering were repeated in six separate experimental sessions and the results were averaged.
The data were processed using standard procedures and normalized against concentration using the program package PRIMUS . The forward scattering I(0) and the radii of gyration R g were evaluated using the Guinier approximation (Guinier, 1939) assuming that at very small angles (s < 1.3R g ) the intensity is represented as I(s) = I(0)exp[À(sR g ) 2 /3]. Additionally, I(0)s and R g s as well as the maximum dimensions D max and the interatomic distance distribution functions p(r) were computed using the indirect transform package GNOM (Svergun, 1992) . Comparison with known high-resolution models was made using the program CRYSOL (Svergun et al., 1995) , which fits the experimental intensity by adjusting the excluded volume of the particle and the contrast of the hydration layer. Experimental scattering and the fits. The experimental data are displayed as dots with error bars, the fits from the crystallographic models computed by CRYSOL (Svergun et al., 1995) are displayed as solid lines. The fits for the outliers which are shown with dashed lines and their curves are numbered in bold. The logarithm of the scattering intensity (I) is plotted as a function of the modulus of the scattering vector s; the fits are appropriately displaced along the logarithmic axis for better visualization. (1) ribonuclease A, (2) lysozyme, (3) chymotrypsinogen A, (4) carbonic anhydrase, (5) ovalbumin, (6) bovine serum albumin (BSA), (7) alcohol dehydrogenase, (8) aldolase, (9) glucose isomerase, (10) -amylase, (11) catalase, (12) apoferritin and (13) thyroglobulin (no high resolution model is available for the latter). The outliers (carbonic anhydrase, alcohol dehydrogenase, apoferritin) are underlined.
MM st are the corresponding molecular masses and c p and c st are the concentrations. Here, the ratio of the expected molecular mass to the I(0) normalized against concentration, was calculated for each protein. Then, the average of these ratios was determined, excluding the outliers (i.e. the proteins deviating too much from the rest). Subsequently, the multiplication of this value with the I(0)s gives us the MMs by intercalibration between the proteins. Essentially this procedure calculates the MM of each protein considering all other proteins as calibrants, since we know their actual MMs.
2.4.2. Absolute I(0) determination using water. To calculate the forward scattering I(0) in the absolute scale, the known scattering of water 1.632 Â 10 À2 cm À1 at 288 K was used (Orthaber et al., 2000) . By dividing the relative I(0)s of the proteins with the experimental constant scattering of water and then multiplying by the absolute scattering of water one obtains the I(0)s of the proteins in absolute scale. To calculate the molecular mass (MM) in kDa we used the formula (Feigin & Svergun, 1987; Orthaber et al., 2000) Fig. 1 shows representative scattering curves of the proteins and the theoretical patterns computed from the available crystallographic models of the same or of highly homologous proteins taken from the Protein Data Bank (PDB; Bernstein et al., 1977) . The PDB codes of the crystallographic models are presented in Table 1 (no homologous structure is available for thyroglobulin). The fits to the curves calculated from the crystallographic models are rather good in most cases but there are also some outliers (fits displayed in dashed lines), which indicate that the crystal structure or oligomeric composition of the protein in the crystal differs from that in solution. Table 1 summarizes the radii of gyration (R g ) and the I(0)s (in absolute scale after normalization against concentration and water scattering) of the proteins using the Guinier extrapolation (the results represent average values from six independent experimental sessions). The I (0) and R g values calculated by GNOM (not shown) are very similar. A good agreement is observed with the previously reported values for other proteins, e.g. glucose isomerase (Kozak, 2005) and lysozyme (Orthaber et al., 2000) .
Results
Initially, we assessed the overall consistency of the results by intercalibration. Three proteins (carbonic anhydrase, alcohol dehydrogenase and apoferritin) display significant deviations between the calculated and expected MMs while the remaining ten proteins were self-consistent and showed good agreement with an average ratio of expected MM to I(0). As seen from Fig. 1 , the scattering patterns computed from the crystal structures of the three former proteins yield the curves deviating significantly from the experimental data. Given these deviations, oligomeric states of the three proteins may be different from that expected from the crystal structure (e.g. partial dissociation may take place), but also unspecific aggregation and impurities cannot be excluded. The three proteins were thus omitted from the further analysis, and after disregarding the three outliers the average deviation between the expected and calculated MMs was 8.7%.
In the third column of Table 2 the partial specific volumes are given calculated from the amino acid composition (Durchschlag, 1986; Perkins, 1986; Harpaz et al., 1994) . The MMs computed using these values are given in Fig. 2 Mylonas and Svergun Molecular mass determination of proteins s247 Table 1 Experimental and computed structural parameters of the studied proteins. Notation: MM 1 and Á 1 were computed using " v v values predicted from the sequence (Table 2) , MM 2 and Á 2 were computed using " v v = 0.7425 cm 3 g À1 and MM 3 and Á 3 were computed using reported experimental values for " v v (see Table 2 ). The average in the bottom row is calculated from the absolute values of the deviations. Durchschlag (1986) , Perkins (1986) and Harpaz et al. (1994) (Table 2 , fourth column; for three proteins no such values are available), similar results with the overall discrepancy of 14.6% were obtained (Fig. 2) . We also measured the values of " v v for all proteins experimentally on an Anton Paar densitometer as described in Materials and methods, but a reliable experimental determination proved to be difficult as a large amount (2 ml) of sample was required for each measurement. Significant deviations were observed between the individual density measurements, and for many samples the value of " v v could not thus be reliably assessed. It is interesting to note that in all the cases when reproducible values were obtained, they significantly exceeded the values predicted from the amino acid sequence (see Table 2 ).
It is a common practice to assume that most of globular proteins have a similar value for partial specific volume [around 0.74 cm 3 g À1 ; e.g. Feigin & Svergun (1987) ]. This value is considerably higher than the calculated one for all proteins (except for alcohol dehydrogenase), and the calculated MMs would consequently be much closer to the theoretical values. We have thus optimized the common value of " v v to have the smallest deviations between the calculated and expected MMs for all ten proteins, which were consistent with each other while using the intercalibration procedure. The average obtained was 0.7425 cm 3 g À1 , very close to the empirical common value above for the globular proteins. The calculated MMs given in Table 1 agree much better with the expected MMs than the values computed using the predicted " v v, with the average deviation going down to 8.7% (not unexpectedly, to the deviation obtained with the intercalibration procedure).
Conclusions and discussion
The results above demonstrate that SAXS is able to provide MM estimates within an error of about 10% provided the solute concentration is measured with an accuracy of 5-10%, usually achievable in spectrophotometric experiments. This range of precision is sufficient for a reliable determination of the oligomeric state of proteins (e.g. monomers vs dimers). The use of standard proteins and water calibration give the same level of accuracy and the two approaches are easily interchangeable. In particular, lysozyme and bovine serum albumin, the proteins most often used for calibration, display deviations of 0 and 1.7%, respectively, from the expected values, and can be safely used as standards. Both intercalibration and water calibration require additional measurements (standard protein measurement in the first case and blank sample compartment in the second case) so it is a matter of convenience to employ one or the other options.
Another interesting, although perhaps not unexpected, result is that globular proteins in solution appear to have a common 'effective' partial specific volume of about 0.7425 cm 3 g
À1
, which is significantly larger than most of the amino acid-derived (Philo et al., 1995 (Philo et al., -2006 or earlier reported experimental (Durchschlag, 1986; Perkins, 1986; Harpaz et al., 1994) partial specific volumes. Indeed, the use of the (smaller) amino acid-derived volumes yields the MM estimates incompatible with the values expected from the sequence, and also our measurements of " v v suggest that they should be higher than the predicted values. Moreover, the calculated values based on the amino acid data are valid for proteins in pure water and the cosolvents in the buffer may also influence the partial specific volume. This means that, ideally, they should be determined in the very buffer used for a SAXS experiment. The major difficulty in measuring " v v is that reliable experimental determination using a densitometer requires dozens of mg of protein. Usually, the yield of protein expression and purification does not permit one to have a sufficient amount of protein for the densitometric measurements and it is thus difficult to expect that the experimental values will be available in most of practical studies. We suggest therefore the 'effective' value of 0.7425 cm 3 g À1 , which should provide sufficiently good accuracy (on average, within 10%) for most of the globular proteins.
